The sources, which generate atom-photon quantum correlations or entanglement based on quantum memory, are basic blocks for building quantum repeaters (QRs).
Quantum repeaters (QRs) [1] hold promise for distributing entanglement over long distances, which are required for quantum communications [2] [3] and quantum networks [4] . Various quantum-memory systems [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] are proposed for practically realizing QR. The atomic-ensemble-based protocol made by Duan et al. is attractive because it is relatively simple [2] . Building on the DLCZ protocol [2] , several improved QR protocols have been proposed [16] [17] [18] [19] [20] [21] .
In these QR protocols, the entanglement generation in an elementary link covering a distance labeled by L 0 is a basic requirement [3] , which relies on the sources that can probabilistically generate quantum-correlation or entanglement between a photon and a spin-wave excitation (a quantum memory) [2, [16] [17] [18] [19] . An advantage of the protocols using the entanglement sources [17] [18] , compared to that using the quantum-correlation sources [2, 16] , is that long-distance phase stability is no longer required [3] . Due to low probabilities of preparing the spin-wave-photon entanglement or quantum-correlation, one has to make a large number of attempts for generating entanglement in the elementary link [3] . Over the past ~ 20 years, the sources have been demonstrated by using spontaneous Raman scattering in cold atomic ensembles [5, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , or storing one member of entangled photons in solid-state [37] [38] [39] or gas-state atomic ensemble [40] . Unfortunately, the quantum memories in these sources are single mode. When using them in QR, people can only 3 make a single entanglement-creation attempt per link per communication time-interval 0 / Lc [3] , which leads to very slow entanglement-generation rates. To enhance the entanglement-generation rates, temporally [41] [42] , spectrally [43] [44] , spatially [45] [46] multiplexing QR schemes have been proposed. In the initial temporal-multiplexing QR scheme [41] , a photon pair source and a memory capable of storing independent N temporal modes are used for building QR node and then entanglement-creation rate per link per 0 / Lc is increased by a factor of N. Comparing with the other schemes, the temporal-multiplexing schemes are attractive since they repeatedly use the same physical process and then reduce resources. The conventional temporal-multimode memory is based on the controlled-rephasing mechanism, such as atomic frequency comb (AFC) [47] , gradient echo [48] , etc., in inhomogeneous-broadened medium. It has been demonstrated by storing multiple light pulses in solid-state ensembles [49] [50] [51] [52] or atomic vapors [48, [53] [54] . Recently, quantum correlations between a photon and a spin-wave excitation in more than ten modes have been demonstrated in crystals, using the AFC spin-wave scheme [55] [56] [57] . These demonstrations show an important source for multiplexed QRs, but still requires further improvements, for example, multiplexing of the temporal multi-modes. We also noted that continuous-variable light-spins entanglement in two temporal modes has been demonstrated in a crystal [58] . Given that the most advanced experiments on QRs have been performed in atomic gases, C. Simon et al. propose a temporally-multiplexed version of the DLCZ protocol using controlled rephrasing of inhomogeneous spin broadening [42] . Following this proposal, spin-wave-photon quantum correlation in two modes has been demonstrated with a cold atomic ensemble [59] . Yet, the generation of high-capacity temporal-multimode spin-wave-photon quantum correlations in atomic ensembles remains an experimental challenge.
Here, by applying a train of writing-laser pulses into a homogeneous-broadened atomic ensemble to drive spontaneous Raman transitions, we prepare m spin-wave modes, each of which is associated with a photonic time bin (temporal mode). The m spin-wave modes are spatial-distinguishably stored in the ensemble and the m time bins propagate in a given spatial mode. The entanglement between one photon and one spin-wave excitation is probabilistically created in these mode pairs (MPs). Based on m spin-wave modes together with feed-forward-controlled retrieval manipulation on the modes, we build temporally-multiplexed spin-wave-photon entanglement (TMSWPE) The experimental setup is shown in Fig. 1 per trial (see [60] for creating SWPE per trial and then increases the entanglement-generation probability by a factor of m, compared to the non-multiplexed source. This increase can be translated into an increase in entanglement distribution rate of the QR based on the m-mode sources by the same factor ( [60] ).
We first measure the efficiency of converting an individual spin-wave mode, for example, and plotted it in Fig. 2 , which yield ( 19) For showing that the TM source can enhance SWPE generation rates, we may compare the generation rates of the multiplexed and non-multiplexed sources. In a non-multiplexed source, the m write pulses are still applied to prepare the m-spin-wave modes per train, but only an individual spin-wave mode, for example, The generation rates of the two-photon entanglement from the SWPE sources can be given by the signal CCRs in the HV, DA or LR polarization base [46] , which are defined as
for the m-mode TMSWPE source and
for the non-multiplexed source using th i mode, respectively, where, e.g., 11 () () m DT C RL denotes the rate measured at RL polarization base, which is set by the wave-plate WP S,A in Fig. 1(c) . The fidelity of an entangled state can be characterized by polarization visibility [62] . The polarization visibilities are defined as
for the m-mode TMSWPE source
for the non-multiplexed source using th i mode, respectively, where,
, denotes the noise coincidence counts, ( ) ( ) or ( th, )
We measured Stokes-anti-Stokes coincidence counts of the 19-mode TMSWPE source in the three polarization bases for 700ns  = and 1%  = and then plotted the results in Fig. 3 , respectively, and shown the results in Table III in Supplementary material [60] . The averaged polarization visibility and signal CCR over the non-multiplexed source using the individual modes are calculated by ( th, )
Obviously, both values of ( th, ) Error bars represent 1 standard deviation [60] .
The quality of the entangled state m pp  can also be described by Bell
given by 1 1 ( 1 m = ) and linearly decreases as m increases [60] . We attribute this decrease to background noises and are simply explained in the following.
When we apply a train containing m write pulses onto the ensemble to prepare the spin-wave modes, large number of unwanted spin waves 14 which are associated with undetected Stokes photons are also created.
When read pulse is applied to retrieve the heralded spin wave, the unwanted spin waves are also converted into anti-Stokes photons, which are non-directional emissions and then lead to the background noises [60] .
The noises degrade the SWPE quality [60] . This issue is similar to that addressed in Ref. [42] , in which, the noises result from the out-of-phase spin waves and may be overcome by using a moderate-finesse cavity which is in resonance with Stokes photons, but invisible to the anti-Stokes photons. We next measure the retrieval efficiency of the mode m S P = ) due to two-excitation errors [5] (two-excitation errors and background noises [42, 60] ). For a fixed S, the TMSWPE source gives rise to a ~1.8-fold increase in the Stokes-detection rate compared to the standard source, which is close to the expected value [60] .
In conclusion, we demonstrated a new scheme to generate temporal-multimode SWPE in a homogeneously-broadened atomic ensemble using spontaneous Raman processes induced by trains of multi-direction write pulses. Via multiplexing 19 modes, we experimentally realized the expected increases in the generation rates of the SWPE, which represents a key step towards the realization of TM QRs. Due to the background noises, the quality of the APE from the m-mode source is degraded and the benefit of our temporally-multiplexing scheme is limited. However, this is not a fundamental issue. The use of a moderate-finesse (F) cavity can enhance the Stokes emissions into the cavity mode by a factor of 2/ F  [25] and then would reduce the background noises by the same factor, compared to the presented free-space situation [42] . The low retrieval efficiency (~17%) and short storage lifetime (~30 s  ) in the presented experiment can be improved by using a Bose-Einstein condensate as memory medium [63] and selecting two magnetic-field-insensitive spin waves to store memory qubits [64] . If the presented scheme is combined with the rephrasing-based multimode memories [55] [56] 59] or the spatially-multiplexed scheme [46] , one can achieve multiplexing of a large number of modes in a single system, which will significantly improve entanglement-generation rates of QR and then pave a feasible way to implement long-distance quantum communication.
temporal-multimode memories and feedforward-controlled readout 
The atoms in magneto-optical trap
As shown in Fig. 1(a) In the Stokes (anti-Stokes) channel, which is shown in the Fig. 1(a) , we use the single-mode fiber 
Time sequence of the experimental procedure

Time sequence of the trains with the write pulses number m<19
In the presented experiment, the maximum write-pulse number per train is 19 m = and the time interval of the train T  is 7 s  , which is shown in the Fig. 1(c) in the main text and the above Fig. S1 . In the Figs. 5 24 and 6 in the main text, we measure the Bell parameter for the case of m=1, 5, 10, 15, or 19 . In these measurements, we remain the 
Polarization compensation (PC)
When an optical field passes through a single-mode fiber, the fidelity of its polarization state will be degraded due to the phase-shift difference between H and V polarizations of the optical field producing in the optical element. For avoiding such degradation, we use a phase compensator (PC)
to eliminate the phase-shift difference between the H and V polarizations.
The PC is a combination of a /4, a /2 and a /4 wave-plates, which can generate any unitary transformation. 25 All error bars in the experimental data represent 1  standard deviation, which are estimated from Poissonian detection statistic using Monte Carlo simulation.
Error bars
II. The expressions of the spin-wave excitations
The spin-wave excitation 
III. QR protocol based on the m-mode TMSWPE sources
As discussed in the main text, the m-mode temporally-multiplexed (TM) source can make m attempts for creating SWPE per trial and then increases the entanglement-generation probability by a factor of m, compared to the non-multiplexed source. In the following, we explain that such increase can be translated into an increase of entanglement distribution rate in QR by the same factor.
The basic procedure of entanglement generation in a QR elementary link that uses the m-mode TMSWPE sources is shown in Fig. S3 . We assume that we want to distribute entanglement over a total distance L=2L 0 , with L 0 being the distance of an elementary link, e.g., E 1 -E 2 link or E 3 -E 4 link. We start with entanglement generation for the E 1 -E 2 link as shown in Fig. S3(a) . Two ensembles are located in the E 1 and E 2 nodes, respectively. 
where, 1 P is success probability for the entanglement swapping, 0 P denotes the success probability for creating entanglement between two ensembles per elementary link per write pulse, The factors of 3 / 2 arise because entanglement has to be generated for two links before every entanglement connection [1] . When the retrieval. Actually,  11 corresponds to the conventional retrieval efficiency, i.e., the intrinsic retrieval efficiency [2] . Whose typical value is ~15% [3, 4] . 1i  ( 1 i  ) corresponds to the read-out coming from cross talk between the two spin-wave modes 1 and i. The Table I . From the results, we calculate the ratios 31 of 11 1 / i  and find they are all ~60, indicating that the cross talk between the two spin-wave modes may be neglected in the presented scheme. 
VI. Stokes detection counts and Stokes-anti-Stokes coincidence counts per trial for the m-mode multiplexing case
For the m-mode temporal-multiplexed source, the gates of the . Also, there is a probability 2  to create two spin-wave excitations in the heralded mode per trial, which leads to an error probability of 2 [4] .
Adding up the two mentioned-above contributions gives a total error probability of ( )
Suppose that the acceptable probability error is  , whose value 37 depends on the desired fidelity of the SWPE. For the presented m-mode scheme, one then has to choose  such that ( ) 1 m  += .
The polarization visibility V is a criterion for charactering the quality of the SWPE from a source, which depends on the error probability  and may be written as: 
